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(54) Abstract Title 

Adapting the boost of a read channel equaliser filter 

An anioa S o e u ^ut n 2^ h0d ^ f^™* ^ e * ua,izin 9 a read si 9 nal «°m a data storage media is disclosed. 
pJo) tS fanaloo oTnt^fT ^ ^ ° 9 the data St ° rage media Usin 9 an ana, °9 equalization filter 
In ADP ThTriw h ° * 6 ana '° 9 ec > ual,zation fi,ter is converted to a raw digital output signal (302) using 

s^ami) Th™ hT" S : 9n3 l iS P rocessed to detect and correct an error in the raw distal output 
fi ?er acfotd'iJo L tn ' S a " d a " ad ' ustment « to the boost or gain of the analog equalization 

where^SrM SSSi™ hTh arran 9 ement * sui **'« for use in a PMRL or EPRML system, 

wnere a viterbi detector is used to detect data errors. 
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METHOD AND AP PARATUS FOR ADAPTIN G THE BOOST OF a 

READ CHANNEL FIT TFR 

Background Of The Invention 

1. Field of the Invention 

The present invention relates generally to data storage and retrieval systems. 
More specifically, a method is disclosed for adapting the properties' of an analog 
equalization filter used in the read channel of a magnetic disc storage system. In one 
embodiment, an input from a magnetoresistive head is equalized using an adaptive filter 
that adapts to the changing properties of a magnetic disc reading system so that errors in 
the output of the system are minimized. 

2. Description of the Related Art 

As recording density and speed have increased for magnetic disc storage systems, 
more exact equalization of the signals read from magnetic storage discs has become 
necessary. Adaptive equalization has become an important technique that allows 
equalization to be tuned for the specific properties of a given magnetic storage and 
retrieval set of hardware. For example, as the fly height of the magnetic head used to 
read a magnetic disc changes over time, the properties of an adaptive equalization filter 
may be adapted to maintain the optimization of the equalization filter for the specific 

hardware associated with the equalization filter. . Also, the properties.of a magnetic 

storage disk may change over time, making it necessary to adapt the parameters of the 
equalization filter to maintain optimal system performance. 
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It should be appreciated that the adaptive equalization filter technique disclosed 
herein is applicable to many data storage and retrieval systems, including data storage 
systems using Partial Response signaling. In addition, it should also be noted that 
adaptive filter technique may also be used to improve equalization for a signal received 
from a communication channel. In one embodiment, the technique is used in an EPRML 
system for storing and retrieving information from a magnetic storage disk. For the 
purpose of clarity, that system is referred to throughout this description. It should be 
understood, however that the techniques described apply other data storage and data 
communication systems. 

Figure 1 is a block diagram illustrating a magnetic storage channel and 
equalization filter for a PRML system. A signal a(n) is the media code signal at time nT, 
where T is the channel symbol duration. The signal a(n) over time represents the 
sequence of binary symbols which are stored on and recovered from a magnetic storage 
channel 200. Magnetic storage channel 200 is also referred to as the media channel. If 
the system works ideally, then, after passing through magnetic storage channel 200 and 
an equalization filter 202, a(n) is transformed into x(n). x(n) is the ideal output when the 
channel is read for a given system. x(n) is determined by a transfer function that 
describes the intersymbol interference of the reading and writing system. In a real 
system, the outpui-uf the equalization filter is actually y(n), where y(n) differs from x(n) 
by an error amount. This error is described in further detail below. It should be noted 
that the read signal from the magnetic storage channel may be digitized either before or 
after equalization filter 202. 
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For a PRML system where the signal is equalized to the Class IV Partial 
Resporxse and the maximum-likelihood (ML) detection is performed with a Viterbi 
detector as described in Lee and Messerschmitt, Digital Communication, Kluwer 
Academic Press 1 994, which is herein incorporated by reference for all purposes, the 
equalized noise-free sampled output is given by the difference equation: 

x(n) = a(n) - a(n-2) Equ r 

where x(n) is the output sample value at time nT, a(n) is the media code at time 
nT, and T is the channel symbol duration. The input symbols a(n) are picked from the 
binary set {0, 1 } . The noise-free output sample values are ternary, namely, 0, +1 , or - 1 
Equ. I is referred to as the partial response polynomial and may also be represented as 
the transfer function 1 - D 2 where D represents I unit time delay. I - D 2 is the standard 
PRML transfer function that describes the result of the prescribed intersymbol 
interference that characterizes PRML. The inverse of 1-D 2 is represented as 1/ (1 - D 2 ). 

Other transfer functions exist for other systems which implement different partial 
response targets. The transfer function for EPRML when the signal is equalized to the 
Extended Class IV Partial Response is I + D»- D 2 - D 3 and is derived according to the 
extended partial response polynomial: 

x(n) = a(n) + a(n-I) - a(n-2) - a(n-3) £ qu . 2 

As mentioned aboverthe output of the equalization filter~in a real system does not 
match this x(n) exactly. One cause of errors is a mismatch between the transfer function 
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of the equalization filter and the physical characteristics of the media channel. This 
causes distortion in x(n), resulting in actual output signal y(n) that differs from x(n) by an 
error amount, e(n). As noted above, it has become necessary in many systems to provide 
some sort of adaptive equalization to account for both variations in a manufactured disc 
drive within manufacturing tolerances and variations of individual disc drives overtime 
as wear occurs or ambient environmental conditions change. 

Figure 2 is a block diagram illustrating a read channel processing system for a 
magnetic storage system that includes adaptive equalization as it is currently practiced- A 
magnetoresistive head 200 flies above and reads a signal from a magnetic storage disc 
201. The signal from the magnetoresistive head 200 is input to a preamplifier circuit 202. 
The output of the preamplifier circuit 202 is input to a variable gain amplifier that 
amplifies the analog signal prior to equalization and conversion of the signal to a digital 
signal. ^ 

The output of a variable gain amplifier is fed to an analog equalization filter 206. 
Equalization of the signal read from the magnetic disc is performed according to the 
specific read/write scheme used to record data on the disc. As mentioned above, a 
number of coding schemes have been developed for encoding data onto magnetic discs in 
a manner that controls the inter-symbol interference of data located in adjacent storage 
locations. Some of the systems devised include Partial Response Maximum Likelihood 
(PRML), extended PRML (EPRML) and a specific version of EPRML used in one 
embodiment referred to as EPR4. Once the analog signal is equalized, it is input to an 
ar.alog-to-digital (ADC) converter 208. 
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As mentioned above adaptive equalization is required in some systems to 
maintain acceptable performance. Therefore, the digital signal output from ADC 208 is 
input to a digital finite impulse response (FIR) filter that processes the digital signal prior 
to inputting the signal to a Viterbi detector 212. The digital FIR filter receives feedback 
from Viterbi detector 212 for the purpose of adjusting the filter parameters of the digital 
FIR filter. In this manner, the filter parameters of the digital FIR filter are optimized for 
the specific properties of the magnetic disc reading system that exists at the time that a 
magnetic disc is being read. 

This adaptive equalization filter architecture is effective to optimize the 
equalization and maintain system performance as the hardware characteristics of the 
system vary over time. However, the inclusion of the digital FIR filter 1 1 0 in the system 
adds both complexity and cost. Generally, it is believed that this added costs and 
complexity is necessary to provide effective adaptive equalization that maintains the 
performance of the system. What is needed is a more simple and less costly method of 
providing adaptive equalization in such a system while still maintaining the performance 
of the system and keeping a low data error rate. 
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Summary OfThf. Invention 

Accordingly, a system and method is disclosed for adapting an analog 
equalization filter prior to digitizing the read channel signal in a magnetic disc read 
channel system. The method disclosed adapts the boost of an analog equalization filter. 
It is shown that such adaptation is sufficient to maintain the performance of the read 
channel system without including a digital FIR filter. This result enables the system to be 
more simple and less costly since the need for a digital FIR filter component may be 
eliminated entirely. Several methods are disclosed for adapting the boost of the analog 
equalization filter based on an error signal derived form the output of a Viterbt detector 
and the raw output from an ADC. 

In one embodiment, a method of adaptively equalizing a read signal from a data 
storage media is disclosed. An analog output signal is equalized by reading the data 
storage media using ananalog equalization filter. The analog output of the analog 
equalization filter is converted to a raw digital output signal. The raw digital output 
signal is processed to detect and correct an error in the raw digital output signal. The 
error is detected and an adjustment is made to the boost of the analog equalization filter 
according to the error detected. 

In another embodiment, a system for adaptively equalizing a read signal from a 
data storage media is disclosed. The system includes an adaptive analog equalization 
filter having an adjustable boost. An analog to digital converter converts the output of 
the adaptive analog equalization filter to a raw digital signal. A Viterbi detector for 
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detecting errors in the raw digital signal has an output that outputs a corrected signal. An 
adaptation processor compares the raw digital signal to the corrected signal that is output 
from the Viterbi detector and generates a boost adjustment signal that is input to the 
adaptive analog equalization filter. Thus, the adaptive analog equalization filter is 
adjusted to minimize the errors detected by the Viterbi detector. 
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Brief Df.scrtptt o N q f thf drawings 

Figure 1 is a block diagram illustrating a magnetic storage channel and 
equalization filter for a PRML system. 

Figure 2 is a block diagram illustrating a read channel processing system for a 
magnetic storage system that includes adaptive equalization as it is currently practiced. 

Figure 3 is a block diagram illustrating an adaptive equalization system that 
adapts the boost of an analog equalization filter to optimize equalization for an EPR4 
magnetic disc read channel. 

Figure 4 is a graph illustrating how boost adaptation may be used to enhance the 
performance of an EPR4 system. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Figure 3 is a block diagram illustrating an adaptive equalization system that 
adapts the boost of an analog equalization filter to optimize equalization for an EPR4 
magnetic disc read channel. An analog equalization filter 300 receives an amplified 
signal from a variable gain amplifier. The output of analog equalization filter 300 is 
input to an ADC 302. The output of ADC 302 is input to a Viterbi detector 304. Viterbi 
detector 304 determines the most likely data sequence encoded by "the write channel of 
the EPR4 system based on the read signal. The raw digital output of the ADC is 
compared to the encoded signal recovered by the Viterbi detector by an adaptation 
processor 306. Adaptation processor 306 then derives a boost adjustment signal based on 
the nature of the error in the raw system determined by the Viterbi detector. The boost 
adaptation signal is input to analog equalization filter 300 and the boost of analog 
equalization filter 300 is adjusted until the system is optimized using negative feedback 
to minimize the error determined by the Viterbi detector. 

In one embodiment, a seventh order equiripple low pass filter with two 
programmable zeros is used for analog equalization filter 300. The transfer function of 
the filter may be represented by equation 3. 



bo + biS - biS 7 

F(S) - H(S) 

_ Equ. 3 
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The boost of the filter is determined by b 2 . It should be appreciated that in other 
embodiments, other analog filters may be used. In general, the design of analog 
equalization filters is well known and methods of varying the boost of such filters have 
been developed. Analog filters may generally be characterized according to their boost 
and cut off frequency. Cut off frequency is usually defined as the point at which the filter 
attenuates some portion of the signal, usually half. The boost of the filter refers to the 
amount that the filter response is enhanced at high frequencies. Analog filter design is 
described generally in De Veirman, G.A., and Yamaski, R., "A 27 MHz Programmable 
Bipolar 0.05° Equiripple Linear-Phase Lowpass Filter", 1SSCC Digest of Technical 
Papers, pp. 64-65, Feb. 1992 and Rezzi, F. et al, "A 70 mW Seventh-Order Filter with 7- 
50 MHz Cutoff Frequency and Programmable Boost and Group Delay Equalization", 
IEEE J. of Solid-State Circuits, Vol. 32, No. 12, pp. 1987-1999, Dec. 1997 and Khoury, 
J.M., "Design of a 15-MHz CMOS Continuous-Time Filter With On-Chip Tuning", 
IEEE J. of Solid-State Circuits, Vol/26, No. 12, pp. 1988-1997, Dec. 1991 which are 
herein incorporated by reference. In one embodiment, a boost filter such as is described 

in United States Provisional Patent Application No. (Attorney Docket 

No. DATAP013+) , " " ~ ~ " ' which is herein incorporated by 

reference for all purposes, is used. 

Thus, an analog filter may be designed that" has a variable boost that may be 
controlled by sending a control signal to the analog filter. Next, a method for deriving 
the control signal from the output of the Viterbi detector and ADC will be described. 
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A Viterbi detector determines the most likely input sequence a(n) that was written 
to the storage media given the output signal that was read. In an EPR4 system, the ideal 
output of the read channel x(n) is a function of several data elements in an input data 
sequence represented by a(n). The real output of the read channel, including errors is 
y(n). The equation that describes the target output for an E 2 PR4 system is shown in 
equation 4. 

a(n) + 2a(n - I) - 2a(a - 3) - a(n - 4) t ' 

Equ. 4. 

x(n) is the value derived from the a(n) determined by the Viterbi detector that 
corresponds to the most likely sequence of a(n) input to the write channel. It should be 
noted that x(n) derived from the Viterbi may in fact be inaccurate, but for the purpose of 
adapting the equalization filter, x(n) derived from the a(n) output from the Viterbi 
detector is assumed to be . correct, mother embodiments, additional error correction 
methods are implemented and those results are taken into account by the adaptation 
process. The Viterbi detector performs some error correction on the output by 
determining that certain data points are incorrectly read based on the value of subsequent 
data points, so x(n) derived from the Viterbi detector output generally may vary from 
y(n) output from the ADC. 

Thus, the output of the Viterbi detector x(n) may differ from the raw output of the 
read channel at the analog-to-digital converter, which is referred to as y(n). Two major 
causes or errors are noise and mis-equalization. Mis-equalization is worse when the 
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equalization filter is not adaptive. Over time, errors increase as the equalization becomes 
less well matched to the channel. 

e{n)= y {n)-x{n) Equ. 5 

In general, a detected error signal e(n) may be defined as the difference between 
the output of the analog-to-digital converter and the output of the Viterbi detector as is 
shown in equation 5. Using the error signal derived in equation 5, equations for adapting 
the boost of the analog filter such as equations 6A-6C may be defined. Equations 6A-6C 
require that the next updated boost value, b 2 ( n+1), equal the most recent boost value, 
b 2 (n), plus u. multiplied by the error detected multiplied by some function of either the 
values in the sequence of values read from the Viterbi detector, x(n), or the values in the 
sequence of values output from the ADC, y(n). Also, the function could be a function of 
a mixture of the values in the sequence of values output from the Viterbi detector and the 
values in the sequence of values output from the ADC. 

b2(n + 1) = b2(n) + //<?(*) (/( y( „ h yiH . „, y(n . v . . .)) Equ 6 A 

bi(n + l) = 62(/7) + //e(» (f \x M ,x^ - i),x { n - 2) ...)) Equ 6B 

+ 1) = bi(n) + //e(n) (f(x<„),y ( *), * ( . - - »)) Equ 6C 

_ In general, it is possible use a measure of the error and some indication of the 
direction in which the boost should be adjusted to derive a boost adjustment. Using a 
boost adapting method, it is possible to control the boost of the analog filter and keep the 
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read channel operating in an optimal manner. Next, some specific implementations of a 
boost adapting method described generically by equations 6A through 6C are described. 

In one embodiment, the boost of the analog filter is adjusted by either adding or 
subtracting a boost adjustment amount u where the sign of the operation for adding or 
subtracting u. is determined by multiplying the sign of the error times the sign of the sum 
of the sample before the sample for which the error was calculated and the sample after 
the sample for which the error was calculated. Thus, the amount <5f boost is ether 
incremented or decremented by an amount, u., depending on whether the measured error 
was positive or negative and depending on whether the immediately preceding point and 
immediately following data point determined by the Viterbi detector are more positive or 
more negative. In this manner, negative feedback is created and the boost is adjusted to a 
value that minimizes the detected error after a number of iterations. It should be noted 
that the parameter u. may be selected or tuned for different systems. In general, as the 
magnitude of u increases, the filter adapts more quickly, but may become unstable. 
When p. is smaller, the filter does not adapt as quickly but may be more stable. In 
general, it is possible to tune the value of u selected to obtain the control characteristic 
that is desired. 

Equation 7 illustrates a method of obtaining a boost adjustment amount. The 
boost adjustment amount is either incremented or decremented by the quantity \i 
multiplied by the amount' of error detected times the sign of the sum of the immediately 
preceding detected value and the immediately following detected value of the point for 
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which the error was determined. Equation 8 is a system similar to equation 7, with the 
added feature that the amount of change to the boost for a given detected error is 
proportional to the amount of error detected. 

bi(n + 1) = bz(n) + M.Sign[e(n)] ° Sign[x(n - 1) + x(n + 1)]) 

Equ. 7 

bi{n + 1) = bi(n) + ° Sign[x(n - 1) + x(n + 1)]) 

Equ. 8 

In one embodiment, the amount that the boost is adjusted is determined according 
to Equation 9, 

b2(n + 1) = bi(n) + M{Sign[e(n)} o [ x (n - 1) + + 1)]) Equ . 9 

Equation 9 determines the amount that the boost should be adjusted by taking the 
sign of the detected error multiplied by the sum of the data points immediately preceding 
and following the point for which the error was detected. Also, Equation 10 may be used 
which adjusts the boost by a quantity determined by multiplying the detected error by the 
sum of the data points immediately preceding and following the data point for which the 
error was determined. Finally, Equation 1 1 may be used to adjust the boost as well. In 
Equation 1 1, the amount that the boost is adjusted is determined by multiplying the 
detected error by the sum of the immediately preceding and following points output from 
the ADC. 

bi{n + 1) = b-(n) + A'<>0)00 - 1)] + x{n + 1)) Equ. 1 0 
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b7(n + 1) = bt(n) + /y(e(n)[y(n - 1) + y( n + 1)]) Equ j j 



It should be noted that Equation 1 1 differs from the other examples given in that it 
is not a function of the output of the Viterbi detector but is instead a function of the 
output of the ADC. It should be noted that other equations are used to derive the boost 
adjustment amount in other embodiments. In general, it is desired that a boost adjustment 
amount be determined that provides negative feedback from the error detected by the 
Viterbi detector to the adaptive equalization filter so that the rate of errors detected by the 
Viterbi detector eventually is minimized. The boost adjustment amount may be derived 
from the amount of error detected, the surrounding points detected by the Viterbi 
detector, the surrounding points output from the ADC, or a combination of those 
parameters. The manner in which negative feedback is provided may be adjusted until 
the system is optimized to minimize the error determined by the Viterbi detector. 

Figure 4 is a graph illustrating how boost adaptation may be used to enhance the 
performance of an EPR4 system. The y axis of the graph illustrates the root mean square 
error rate determined for a channel having a given characteristic PW50/T. PW50/T is 
plotted on the x axis. PW50/T is the pulse width of a pulse generated by the recording 
system divided by the period between data samples. In general, -PW50/T is a good- 
measure of the characteristics of the read/write system. As the read/write system ages 
over time, PW50/T for the system varies. A plot 300 shows the performance of an EPR4 
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system that does not include adaptive equalization. The equalization of the system shown 
is set for a PW50/T of 2.5. As can be seen, as the PW50/T varies from 2.5 in either 
direction, the RMSE rate increases and the performance of the system degrades. Thus, 
any variance in P W50/T over time for such a system degrades the system performance. 

The performance of an EPR4 system that includes a fully adapted equalized 
filter such as an additional adaptive FIR filter is shown on plot 302. Although the 
performance of the system still slowly degrades as PW50/T increases, the performance is 
generally much better than the performance of a system that does not include adaptation. 
However, as noted above, such complete adaptation is costly and complex. Plot 304 
shows the performance of an EPR4 system that includes only boost adaptation for the 
equalization filter. The performance is nearly as good as the performance of a fully 
adaptive equalization filter. Thus, boost adaptation may be used to enhance performance 
of an EPR4 read system almost as much as full adaptation while providing significant 
savings in cost and complexity. 

Although the foregoing invention has been described in some detail for purposes 
of clarity of understanding, it will be apparent that certain changes and modifications may 
be practiced within the scope of the appended claims. It should be noted that there are 
many alternative ways of implementing both the process and apparatus of the present 
invention. For example, the adaptive equalization scheme described is also applicable to 
other magnetic storage systems besides PRML and EPRML systems. Also, the adaptive 
equalization scheme described is also applicable to other media storage systems such as 
optical storage systems. Accordingly, the present embodiments are to be considered as 
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illustrative and not restrictive, and the invention is not to be limited to the details given 
herein, but may be modified within the scope and equivalents of the appended claims. 



WHAT IS CLAIMED IS: 
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CLAIMS 

1. A method of adaptively equalizing a read signal from a data storage media 
comprising: 

equalizing an analog output signal obtained by reading the data storage 
media using an analog equalization filter; 

converting the analog output of the analog equalization filter to a raw 
digital output signal ; 

processing the raw digital output signal to detect and correct an error in 
the raw digital output signal; 

determining the error detected; and 

making an adjustment to the boost of the analog equalization filter 
according to the error detected. _ 

2. A method of adaptively equalizing a read signal from a data storage media as 
recited in claim 1 wherein the error is detected using a Viterbi detector. 

3. A method of adaptively equalizing a read signal from a data storage media as 
recited in claim 1 wherein the error detected is an rms error. 

4. A method of adaptively equalizing a read signal from a data storage media as 
recited in claim 1 wherein the data storage media is a magnetic disk. 

5. A method of adaptively equalizing a read signal from a data storage media as 
recited in claim 1 wherein the read signal is generated in a PRML system. 
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6. A method of adaptively equalizing a read signal from a data storage media as 
recited in claim 1 wherein the read signal is generated in an EPRML system. 

7. A method of adaptively equalizing a read signal from a data storage media as 
recited in claim 1 wherein the analog equalization filter is a seventh order equiripple low 
pass filter. 

8. A method of adaptively equalizing a read signal from a data storage media as 
recited in claim 1 wherein making an adjustment to the boost of the Analog equalization 
filter according to the error detected for a data point includes multiplying a measure of 
the error detected by the sum of a preceding point value and a succeeding point value. 

9. A method of adaptively equalizing a read signal from a data storage media as 
recited in claim 8 wherein making an adjustment to the boost of the analog equalization 
filter according to the error detected for a data point further includes multiplying the error 
detected by a factor that determines how much the boost of the analog equalization filter 
is adjusted. _ 

1 0. A method of adaptively equalizing a read signal from a data storage media as 
recited in claim 1 wherein the sign of the adjustment made to the boost of the analog 
equalization filter is determined by the sign of the error detected. 

11. A method of adaptively equalizing a read signal from a data storage media as 
recited in claim 1 wherein the sign of the adjustment made td the boost of the analog 
equalization filter is determined by the sign of the sum of a preceding point value and a 
succeeding point value. 

12. A system for adaptively equalizing a read signal from a data storage media 
comprising: 
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an adaptive analog equalization filter having an adjustable boost; 

an analog to digital converter that converts the output of the adapti 
analog equalization filter to a raw digital signal; 



ve 



a Viterbi detector for detecting errors in the raw digital signal, the Viterbi 
detector having an output that outputs a corrected signal; and 

an adaptation processor that compares the raw digital signal to the 
corrected signal that is output from the Viterbi detector an generates a boost adjustment 
signal that is input to the adaptive analog equalization fitter; 

whereby the adaptive analog equalization filter is adjusted to minimize the 
errors detected by the Viterbi detector. 
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